One contribution of 15 to a theme issue 'Statistical physics of fracture and earthquakes' . A standard approach to quantifying the seismic hazard is the relative intensity (RI) method. It is assumed that the rate of seismicity is constant in time and the rate of occurrence of small earthquakes is extrapolated to large earthquakes using GutenbergRichter scaling. We introduce nowcasting to extend RI forecasting to time-dependent seismicity, for example, during an aftershock sequence. Nowcasting uses 'natural time'; in seismicity natural time is the event count of small earthquakes. The event count for small earthquakes is extrapolated to larger earthquakes using Gutenberg-Richter scaling. We first review the concepts of natural time and nowcasting and then illustrate seismic nowcasting with three examples. We first consider the aftershock sequence of the 2004 Parkfield earthquake on the San Andreas fault in California. Some earthquakes have higher rates of aftershock activity than other earthquakes of the same magnitude. Our approach allows the determination of the rate in real time during the aftershock sequence. We also consider two examples of induced earthquakes. Large injections of waste water from petroleum extraction have generated high rates of induced seismicity in Oklahoma. The extraction of natural gas from the Groningen gas field in The Netherlands has also generated very damaging earthquakes. In order to reduce the seismic activity, rates of injection and withdrawal have been reduced in these two cases. We show how nowcasting can be used to assess the success of these efforts.
A standard approach to quantifying the seismic hazard is the relative intensity (RI) method. It is assumed that the rate of seismicity is constant in time and the rate of occurrence of small earthquakes is extrapolated to large earthquakes using GutenbergRichter scaling. We introduce nowcasting to extend RI forecasting to time-dependent seismicity, for example, during an aftershock sequence. Nowcasting uses 'natural time'; in seismicity natural time is the event count of small earthquakes. The event count for small earthquakes is extrapolated to larger earthquakes using Gutenberg-Richter scaling. We first review the concepts of natural time and nowcasting and then illustrate seismic nowcasting with three examples. We first consider the aftershock sequence of the 2004 Parkfield earthquake on the San Andreas fault in California. Some earthquakes have higher rates of aftershock activity than other earthquakes of the same magnitude. Our approach allows the determination of the rate in real time during the aftershock sequence. We also consider two examples of induced earthquakes. Large injections of waste water from petroleum extraction have generated high rates of induced seismicity in Oklahoma. The extraction of natural gas from the Groningen gas field in The Netherlands has also generated very damaging earthquakes. In order to reduce the seismic activity, rates of injection and withdrawal have been reduced in these two cases. We show how nowcasting can be used to assess the success of these efforts.
This article is part of the theme issue 'Statistical physics of fracture and earthquakes'.
Introduction
This paper reviews the use of the concepts of natural time and nowcasting in studies of seismicity. The concept of natural time was introduced by Varotsos et al. [1] as a means of studying fracture. Natural time is an event count in place of clock time. For example, it can be the number of small fractures that precede a catastrophic rupture of a brittle material. Varotsos et al. [2] related natural time to the entropy of seismicity. Sarlis et al. [3] and Varotsos et al. [4] [5] [6] have suggested that variations of seismicity in natural time are precursory to at least some earthquakes. Varotsos et al. [7] and Sarlis et al. [8] have discussed applications to earthquakes in Japan. Varotsos et al. [9] found precursory behaviour prior to the 2011 Tohoku earthquake in Japan and Sarlis et al. [10] found precursory behaviour prior to the M = 8.2 2017 earthquake in Mexico. A general overview of natural time has been given by Varotsos et al. [11] .
In this paper, we consider how the concept of natural time is used to nowcast the occurrence probability for a large earthquake. The basic concept of nowcasting was developed in economic forecasting. The objective is to estimate the current state of the economy using all available data. The gross domestic product is widely accepted as the best measure of economic activity, but accurate estimates have significant delays. Nowcasting uses proxy datasets, for example, unemployment claims and bank deposits [12] .
In applying nowcasting to seismicity, the statistical behaviour of small earthquakes is used to infer the statistical behaviour of large earthquakes [13] . Specifically, the event counts of the numbers of small earthquakes between large earthquakes are determined. These are the natural time intervals between the large earthquakes. The statistical distribution of natural time intervals between large earthquakes is determined. The event count since the last large earthquake is used to nowcast the hazard for a large earthquake using the derived statistical distribution.
The extrapolation from small to large earthquake depends on the applicability of GutenbergRichter frequency-magnitude statistics. The cumulative number of earthquakes with magnitudes greater than M, N c , is given by log N c = a − bM,
where a and b are constants, a is a measure of seismic intensity and the b value is generally near 1. Gutenberg-Richter (GR) scaling can be used to relate the number of large earthquakes with magnitudes greater than M λ , N cλ , to the number of small earthquakes with magnitudes greater than M σ , N cσ , with the result
If b = 1 and N cσ = 10 earthquakes in a year with M σ ≥ 5, then we can expect to have a M λ ≥ 7 earthquake in 10 years. The best statistics are obtained if the small earthquake magnitude M σ is as small as possible; this is the smallest magnitude for which the applicable catalogue is essentially complete. It is assumed that this is the minimum magnitude satisfying the GR statistics given in equation (1.1).
In this paper, we will consider cases in which the seismic intensity, the a value in equation (1.1), is a function of time. One example is in an aftershock sequence, another example is timedependent induced seismicity. We assume the b value in equations (1.1) and (1.2) is constant and determines the number of large earthquakes, N cλ , from the number of small earthquakes, N cσ (natural time). The rate of occurrence of large earthquakes is determined from the observed rate of occurrence of small earthquakes. The rate of occurrence of large earthquakes is the nowcast of a large earthquake.
The use of natural time has several advantages over clock time when applied to earthquakes in a specified region. First, it is not necessary to decluster aftershocks. The natural time count is valid when aftershocks dominate, when background seismicity dominates, and when both contribute. Second, the natural time count is valid when the background rate of seismicity is variable. An example is induced seismicity which can be strongly variable in time. The natural time count defines a constant rate of small earthquake occurrence. This can be extrapolated to large earthquakes using equation (1.2) . Nowcasting using natural time has been applied to global seismicity by Luginbuhl et al. [14] . Many papers discuss whether large earthquakes globally occur randomly in time. Studies in clock time require declustering of aftershocks which is extremely difficult. Declustering is not necessary when clock time is replaced by natural time. To assure high-quality data the Global Centroid Moment Tensor (CMT) catalogue was used beginning in 2004. The completeness magnitude was found to be M σ = 5.1 so natural time was the event count of M σ ≥ 5.1 earthquakes. To obtain reasonably good statistics the 197 earthquakes globally with M λ ≥ 7.0 were considered. The 196 interevent counts of M σ earthquakes between M λ earthquakes (natural time intervals) were obtained. The resulting cumulative probability distribution of interevent counts was compared with the best fitting Weibull distribution and the exponent was found to be β = 0.83 ± 0.08. A random distribution would yield β = 1.0. It was concluded that the global distribution of M λ ≥ 7.0 earthquakes do not occur randomly in natural time.
We use the concept of nowcasting [13] to determine the rate of occurrence of large earthquakes at the present time. We will demonstrate the utility of our approach by forecasting the occurrence of large earthquakes and comparing their occurrence with our forecast. We will consider three applications. The first is to the aftershock sequence of the M = 5.97 Parkfield earthquake on the San Andreas fault. The rate of occurrence of aftershocks is strongly time-dependent. The use of natural time in place of clock time removes this time dependence. The details of our approach are given in §2. The objective is to nowcast the hazard for the occurrence of large aftershocks during the occurrence of the sequence.
Another example of time-dependent seismicity is induced seismicity. Luginbuhl et al. [15] have applied nowcasting to induced earthquakes in Oklahoma and at The Geysers, California. In Oklahoma, the high-pressure injection of large volumes of waste water from the production of hydrocarbons caused a large increase in seismicity from 2013 to 2015. In 2016, Oklahoma regulators ordered a reduction in injection volume. Luginbuhl et al. [15] used nowcasting to monitor the success of the reduction of injection volume in reducing rates of seismicity. In §3 of this paper, we will give a brief update of these results.
Another example of induced seismicity is in the Groningen gas field in The Netherlands. In this case, the induced seismicity is caused by the compaction of the porous reservoir material. The strains associated with localized compaction caused by gas withdrawal results in stresses that load faults leading to earthquakes. A magnitude 3.6 earthquake in August 2012 caused thousands of damage claims and led to a reduction of gas production. Luginbuhl et al. [16] used nowcasting to monitor the success of withdrawal reduction in reducing rates of seismicity. In §4 of this paper, we will give a brief update of these results.
Application to Parkfield aftershocks
The rate of aftershock occurrence is strongly time-dependent. The use of natural time in place of clock time removes the time dependence. Aftershocks can result in serious damage and casualties and it is important to provide estimates of the risk as soon as possible after a large earthquake. As a specific example, we will consider the aftershock sequence of the 28 September 2004 Parkfield earthquake. This M = 5.97 mainshock occurred on a well-defined segment of the San Andreas fault in central California. The high-quality seismic network in the vicinity of this mainshock provided a particularly well-documented sequence of aftershocks [17] [18] [19] . This is the first application of nowcasting to an aftershock sequence.
The rate at which aftershocks occur decays rapidly after the mainshock. The accepted empirical relation for the decay rate of aftershock activity is the modified form of Omori's Law [20] dN as dt
where dN as /dt is the rate of occurrence of aftershocks with magnitudes greater than M as , t is the clock time that has elapsed since the mainshock, and τ and c are constant characteristic times that 
where N cas is the cumulative number of aftershocks at time t after the mainshock with magnitudes greater than M as . Although aftershock sequences are reasonably well approximated by Omori's law, the risk from aftershocks can be quite different for mainshocks with equal magnitudes. The productivity, total number of aftershocks, can vary by a factor of two or more. The constant τ is a measure of the initial productivity but the total productivity also depends on the values of c and p. In some cases, secondary aftershocks are important. A large primary aftershock can have large numbers of secondary aftershocks. An objective of nowcasting is to prescribe the productivity of an aftershock sequence. Using the recorded occurrence of small aftershocks, the expected rate of occurrence of larger aftershocks is nowcast.
In our studies of Parkfield aftershocks, we use the approach given by Shcherbakov et al. [19] . The epicentre of the Parkfield earthquake was at 35.818 • N and −120.388 • W. The aftershocks are defined to be all earthquakes that occurred in an elliptical region centred at 35.9 • N and −120.5 • W with radii of 0.4 • and 0.15 • oriented 137 • NW during the 365 days following the mainshock. Clearly, some background seismicity is included. The frequency-magnitude statistics for these earthquakes are given in figure 1. The data were obtained from the Advanced National Seismic System (ANSS) catalogue. An excellent correlation with the GR scaling is obtained for M as ≥ 1, thus we take M σ = 1.0.
For our nowcasting study, we will define our natural time to be the event count N cσ , the cumulative number of small earthquakes with magnitudes greater than M σ since the starting time. It would appear appropriate to take the starting time to be the time of the mainshock; however, it is difficult to identify many small aftershocks at very early times due to the seismic energy generated by the mainshock. For this reason, we introduce a delay time before the start of our natural time count. We take this delay time to be 0.1 days. We use the subsequent natural time count to nowcast the evolving seismic hazard as the aftershock sequence decays. figure 1 . This agreement supports our assumption that the b-value is constant for the aftershocks.
In figure 3 , we give the cumulative number of small aftershocks, N cσ , with magnitudes M σ ≥ 1 (natural time) on clock time in days beginning 0.1 days after the Parkfield mainshock. The temporal decay of aftershock occurrence is clearly shown. We next use the data given in figure 3 to nowcast the occurrence of large aftershocks with M λ ≥ 2.5 in the sequence. In figure 4, the dependence of the cumulative number of large earthquakes, N cλ , with M λ ≥ 2.5 on clock time starting 0.1 days after the mainshock. To nowcast these earthquakes we use equation (1.2). We take the values of N cσ given in figure 3 and multiply by 0.0360. This is the slope of the data in figure 2 . The agreement is reasonably good. At any point in time during the aftershock sequence of a large M λ ≥ 2.5 occurring is nowcast by the data given in figure 4 . We have chosen a relatively small value for M λ to demonstrate our approach. The probability of occurrence of larger aftershocks, say M λ ≥ 4, could also have been nowcast during the occurrence of the sequence.
The nowcasting approach illustrated above can be used to nowcast the hazard for the occurrence of large aftershocks. The dependence of the cumulative number of small aftershocks (natural time) on clock time will be sensitive to the productivity of the aftershock sequence. The curve given in figure 3 is a measure of the productivity of the Parkfield aftershocks. At early times, this plot could be used to nowcast the hazard for larger aftershocks at a later time, say at one or 10 days.
Induced seismicity in Oklahoma
In recent years, the state of Oklahoma has had a higher rate of seismicity than California [21] . The number of M ≥ 3 earthquakes in Oklahoma per year for the period 2009-2017 is given in figure 5 . The increase from 35 M ≥ 3 earthquakes in 2012 to 110 in 2013 to 579 in 2014 and to 903 in 2015 is quite remarkable. That number has since decreased to 624 in 2016 and then to 304 in 2017, which are still high for the region. Oklahoma is in the interior of the North American plate and prior to 2009, the level of seismicity was typical of a plate interior. The recent increase in seismicity cannot be associated with tectonics. It is accepted that the increase in seismicity is caused by the saline waste water injection, primarily water separated directly from oil and gas production.
The total annual volumes of saline water injections in Oklahoma for the period 2011-2016 are given in figure 6 . Although the annual injected volumes have changed during this period, the changes in seismicity are much greater. Several authors have correlated the increased seismicity with local injection volumes [22, 23] .
Unfortunately, Oklahoma does not have high-resolution catalogues of earthquakes. The network of seismic stations is sparse, although it has recently been improved due to the rapid increase in seismicity. An earthquake catalogue is currently available from the Oklahoma Geological Survey. We have considered the frequency-magnitude statistics for the dataset for the period from 1 January 2013-13 April 2018. The cumulative number of earthquakes, N c , with magnitudes greater than M are given as a function of M in figure 7 . We again correlate the dataset with the GR scaling given in equation (1.1). Good agreement is obtained taking b = 1.52 ± 0.03, this is considerably higher than is usually obtained. The correlation with GR scaling indicates data completeness for about M ≥ 2.75. Thus we take M σ = 2.75.
In early 2016, Oklahoma regulators called for a 40% reduction in waste water injection. The subsequent reduction has significantly reduced the rate of seismicity in the affected regions [22, 23] . Our objective is to demonstrate that nowcasting can quantify the success of the gas withdrawl reduction in reducing the induced seismicity. As in the aftershock example given above, we first nowcast the occurrence of relatively small magnitude earthquakes, in this case M λ = 4.0, in order to test the success of nowcasting. We then argue that nowcasting can be used to forecast the risk of occurrence of larger induced earthquakes, say M λ ≥ 6.0. Our results update nowcasting results given by Luginbuhl et al. [15] . 45. This is in good agreement with the value b = 1.52 given in figure 7 .
In figure 9 , we give the dependence of the cumulative number of small earthquakes, N cσ , with magnitudes M σ ≥ 2.75 (natural time) on the clock time t in days since 1 January 2013. The increase in seismicity early in this period is clearly illustrated. The decrease in seismicity in 2016 and 2017 is also shown. We next use the data given in figure 9 to nowcast the occurrence of large earthquakes in Oklahoma with M λ ≥ 4.0. In figure 10 , we give the dependence of the cumulative number of large earthquakes, N cλ , with M λ ≥ 4.0 on clock time t in days since 1 January 2013. To nowcast these earthquakes, we use equation (1.2). We take the value of N cσ given in figure 9 and multiply by 0.0154. This is the slope of the data in figure 8 . The agreement is seen to be quite good. We have chosen a relatively small value for the large earthquake magnitude, M λ ≥ 4.0, in order to obtain a sufficiently number of large earthquakes to test the validity of our nowcast. The good correlation given in figure 10 supports extending our nowcast risk of large earthquakes to larger magnitudes.
To illustrate the nowcast approach, we will nowcast the seismic hazard in Oklahoma for 13 April 2018. From figure 9 A primary objective of our study is to quantify the reduction in induced seismicity. This reduction can be obtained directly from figure 10 . We compare the rates of seismicity during 2015 and of 13 April 2018 by taking the corresponding slopes of the curve in figure 10 . We find that the seismicity has been reduced to 25% of its original value. Our nowcast conclusion is that this reduction is applicable at all magnitudes.
Induced seismicity in the Groningen gas field
Another example of induced seismicity is the Groningen natural gas field in The Netherlands [24] . This field was discovered in 1959, production began in 1963, and it is one of the most productive gas fields in Europe. The first induced seismicity occurred in 1991 and the subsequent activity led to the installation of a borehole seismic network in 1995. The data of earthquakes are available from the KNMI catalogue of the Royal Dutch Meteorological Institute. The largest earthquake was the 2012 Huizinge M = 3.6 earthquake on 8 August 2012, which damaged thousands of homes; older homes built with single brick walls were especially vulnerable. The basic hypothesis for the occurrence of the induced seismicity is that stresses resulting from the differential compaction of the reservoir associated with gas withdrawal causes earthquakes on pre-existing faults.
The temporal dependence of natural gas production, which was obtained from the Nederlandse Aardolie Maatschappij (NAM), and the monthly number of induced earthquakes with M ≥ 1.0 for the Groningen gas field are given in figure 11 for the period 1 January 2001-30 June 2018. Peaks of high seismicity appear to follow peaks of high gas production. There is a general increase of seismicity from 2001 to 2014 although there is little variability in the annual gas production. Since 2014 there has been a decrease in seismicity. In response to the damage associated with the 2012 Huizinge M = 3.6 earthquake, the Dutch Government required a reduction in gas production beginning in January 2014. A corresponding decrease in earthquake activity is seen.
We consider the frequency-magnitude statistics for the induced seismicity associated with the Groningen gas field for the period 1 January 1996-30 July 2018. The cumulative number of earthquakes, N c , with magnitudes greater than M are given as a function of M in figure 12 . We again correlate the data with GR scaling from equation (1.1). Good agreement is obtained for b = 0.96. The correlation with GR scaling seems to indicate data completeness for about M ≥ 1.0; however, Dost et al. [25] have reported a completeness magnitude of M = 1.5 for the borehole network installed in 1995. Therefore, we will use earthquakes with M ≥ 1.5 in our analysis, and take M σ = 1.5.
An excellent correlation of the data with GR scaling is seen for the magnitude range 1.0 ≤ M ≤ 3.0. An important question is whether this scaling can be extended to higher magnitudes. The application of GR statistics implies that a M = 4.3 earthquake would have been expected during the 22-and-a-half-year period considered. The actual largest earthquake during the period had M = 3.6. However, due to the small number of events, the statistics of the high magnitude rollover are quite uncertain. Zöller & Holschneider [26] have considered the high magnitude statistics and conclude the maximum possible earthquake magnitude in the Groningen gas field is M max = 4.4. We now apply our nowcasting methodology to induced seismicity at the Groningen gas field. This is an update of the results given by Luginbuhl et al. [16] . The frequency-magnitude statistics of the seismicity are given in figure 12 . As the smallest magnitude for which we expect to give catalogue completeness, we take M σ = 1.5. For the large magnitude, we choose M λ = 2.5. figure 12 .
In figure 14 , we give the dependence of the cumulative number of small earthquakes, N cσ , with M σ ≥ 1.5 (natural time) on clock time in days from 1 January 1996-30 July 2018. There is a systematic increase in the rate of seismicity until 2014 and subsequently a small decrease. In figure 15 , we give the dependence of the cumulative number of large earthquakes N cλ with M λ ≥ 2.5 on clock time in days from 1 January 1996-30 July 2018. To nowcast the earthquakes in figure 15 we use equation (1.2) , we take the values of N cσ given in figure 14 and multiply by 0.1235. This is the slope of the data in figure 13 , and the agreement is quite good. 3000 4000 5000 6000 7000 8000 t (days) nowcasted actual Figure 15 . Dependence of the cumulative number of large earthquakes in the Groningen region with magnitudes M λ ≥ 2.5, N cλ , on clock time t in days since 1 January 1996. Also included is the nowcast of these earthquakes obtained by multiplying the data given in figure 13 by the slope of the data in figure 14 , 0.1235. (Online version in colour.)
There are similarities between the data for Oklahoma and Groningen, but there are some important differences. The quality of the seismic data at Groningen is clearly superior leading to a much lower M σ . However, the agreement between the frequency-magnitude statistics and GR scaling is better for Oklahoma, as can be seen by comparing figure 7 with figure 12 . There appears to be a rollover for larger magnitudes for the Groningen data. If this rollover is real, it significantly reduces the risk of larger earthquakes at Groningen. We will consider the implications of this deviation from GR scaling on our nowcasting approach.
We will nowcast the seismic hazard at Groningen for 30 July 2018. Alternatively, we can nowcast this larger earthquake using the frequency-magnitude scaling from figure 12. From this figure, the rate of occurrence of a M λ ≥ 3.5 earthquake is 0.0794 per year for the full timespan. Similarly, the rate of occurrence of a M σ ≥ 1.5 is 12.6 per year. This gives dN λ /dN σ = 6.3 × 10 −3 . With dN σ /dt = 0.0526 days −1 , we obtain dN λ /dt = 3.3 × 10 −4 days −1 .
Using this approach, the present nowcasted interevent time for a M λ ≥ 3.5 earthquake is 8.3 years. We see that the nowcast hazard is about a factor of two lower using the observed scaling versus the GR scaling.
Discussion
If the seismicity in a region is statistically stationary (not a function of time) the mean intervals between events with magnitudes greater than a specified value can be obtained directly from the form of GR scaling given in equation ( region, on average there will be one M ≥ 4 earthquake per year, a mean interval of 10 years for a M ≥ 5 earthquake, etc. This approach is, in fact, useful to provide a measure of the seismic hazard. However, seismic activity is in general time-dependent; aftershocks are a prime example. In this paper, we illustrate how the concept of seismic nowcasting can be used to provide estimates of the statistical hazard at the present time. The method can be applied when the seismicity is time-dependent, for example during an aftershock sequence. Nowcasting uses the concept of natural time, which is an event count. For seismic nowcasting the event count is the number of earthquakes above a minimum earthquake magnitude M ≥ M σ , N cσ . The objective is to relate the natural time count to the number of large earthquakes with magnitude M ≥ M λ , N cλ . This association requires the validity of a frequency-magnitude scaling throughout the range of magnitudes considered. If the scaling is GR then the relationship is given by equation (1.2) , but GR scaling is not required for nowcasting seismicity. Data on frequencymagnitude scaling provide the network sensitivity and the smallest magnitude for which the seismic catalogue is complete.
If seismicity is time-independent the nowcasting method can be used in clock time to forecast the future seismic hazard. An example of this approach, known as a relative intensity (RI) forecast, has been given by Holliday et al. [27] . If seismicity is time-dependent the nowcasting method cannot be used to forecast the future seismic hazard since the future level of seismic activity is not known.
In this paper, we illustrate the application of nowcasting with three examples. We first consider an aftershock sequence and choose the September 2004 Parkfield earthquake on the San Andreas fault in California. This aftershock sequence is chosen because of the existence of an excellent catalogue of aftershocks. Empirically, aftershocks correlate with the GR frequency-magnitude scaling as given in equation (1.1), Omori's Law as given in equation (2.1) for their temporal decay, and a modified form of Båth's Law [28] . In the modified form of Båth's Law, the largest aftershock magnitude consistent with GR scaling, M * , is determined by the intersection of the scaling law with N c = 1. The difference between this magnitude and the mainshock magnitude M ms , M * = M ms − M * has considerable variation. Shcherbakov & Turcotte [28] found values from M * = 0.6 to 1.5 for 10 large California earthquakes. Thus the number of aftershocks for earthquakes of the same magnitude can vary by an order of magnitude. The value of M * is a measure of aftershock productivity. From figure 1 , we see that M * = 5.97 − 4.6 = 1.37 for the Parkfield aftershock sequence. One objective of nowcasting is to obtain a real-time measure of aftershock productivity. The nowcast of the numbers of small and large aftershocks are given in figures 3 and 4.
We also consider two examples of the nowcasting of induced earthquakes. The first is the induced seismicity caused by petroleum waste water injection in Oklahoma. The second is the induced seismicity caused by gas production in the Groningen gas field, The Netherlands. In order to reduce rates of seismicity the rate of waste water injection was reduced in Oklahoma and the rate of gas withdrawal was reduced in The Netherlands. We have shown how nowcasting can be used to quantify the effectiveness of these measures. The reduction in Oklahoma is illustrated in figure 10 and the reduction in Groningen is illustrated in figure 15 . Clearly, the reduction has been more effective in Oklahoma than in Groningen. 
